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Abstract. Uranium dioxide dissolution in nitric acid is a complex reaction. On the one hand, the dissolution
produces nitrous oxides (NOX), which makes it a triphasic reaction. On the other hand, one of the products
accelerates thekineticrate; thereactionishencecalledautocatalytic.Thekinetics for thesekindsofreactionsneedto
be formalized in order to optimize and design innovative dissolution reactors. In this work, the kinetics rates have
beenmeasured by opticalmicroscopy using a single particle approach. The advantages of this analytical technique
are an easiermanagement of species transport in solution and a precise following of the dissolution rate. The global
rate is well described by a mechanism considering two steps: a non-catalyzed reaction, where the catalyst
concentration has no inﬂuence on the dissolution rate, and a catalyzed reaction. The mass transfer rate of the
catalyst was quantiﬁed in order to discriminate when the reaction was inﬂuenced by catalyst accumulated in the
boundary layer or uncatalyzed. This ﬁrst approximation described well the sigmoid dissolution curve proﬁle.
Moreover,experiments showedthatsolutionsﬁlledwithcatalystprovedtolosereactivityovertime.Resultspointed
out that the higher the liquid-gas exchanges, the faster the kinetic rate decreases with time. Thus, it was
demonstrated, for the ﬁrst time, that there is a link between catalyst and nitrous oxides. The outcome of this study
leads to new ways for improving the design of dissolvers. Gas–liquid exchanges are indeed a lever to impact
dissolution rates. Temperature and catalyst concentration canbe optimized to reduce residence times in dissolvers.1 Introduction
Reprocessing of spent nuclear fuel is based on liquid–liquid
extraction of dissolved species. Dissolution of nuclides is
hence at the head end of the reprocessing process and
impacts all the following steps. This study concentrates on
uranium dioxide dissolution as it represents 96% of spent
fuel [1].
However, micro-scale phenomena controlling dissolu-
tion are complex and mainly unknown. The coupled
physics and chemistries involved in dissolution reactions
are still unclear although a better understanding could lead
to faster processes and less energy and solvent consuming
dissolvers.
The ﬁrst step in designing a model for a dissolution
reactor is to formalize the mechanism and chemical kinetic
of the reaction.lastair.magnaldo@cea.fr
pen Access article distributed under the terms of the Creative Com
which permits unrestricted use, distribution, and reproduction1.1 Nitric medium complexity
UO2 reaction in nitric acid is particularly complex. First of
all, reactions in nitric medium are numerous as HNO3 is a
powerful acid but also oxidant. Sicsic et al. [2], Schwartz and
White [3,4] gave an overview of the numerous equilibrium,
and their thermodynamics, linked to nitric acid. The species
that need to be considered in order to describe the nitric
medium [2] are reported in Table 1. The physical state and
known stability are given for standard conditions.
Dissolution products are uranyl nitrates. There are
mainly four complexes in nitric medium:
½UVIO2ðH2OÞ3ðNO3Þþ, ½UIVO2ðH2OÞ2ðNO3Þ2, ½UIVO2ðNO3Þ3, and ½UIVðH2OÞXðNO3Þ5, whose prevalence
depends on nitric acid concentrations [5]. In our conditions,
with 2–7mol·l1 of nitric acid, ½UIVO2ðH2OÞ2ðNO3Þ2 is the
main species [5].
The reaction is triphasic and produces also nitric oxides
NOX which may modify the equilibrated reactions in the
nitric solution [6].mons Attribution License (http://creativecommons.org/licenses/by/4.0),
in any medium, provided the original work is properly cited.
Table 1. Nitrogen species considered in nitric medium [2].
Oxidation
degree of
nitrogen
Compound Physical
state
Stability
+V
HNO3
Aqueous
++
NO3 ++
NOþ2 
+IV
NO2 Gas ++
N2O4 Tebullition= 21.4 °C ++
+III
N2O3 Gas 
HNO2 Aqueous 
NO+ Aqueous 
+II NO Gas +
+I N2O Gas ++
2 F. Charlier et al.: EPJ Nuclear Sci. Technol. 3, 26 (2017)This diversity of species explains why many different
hypotheses can be found in literature about the mechanism
of UO2 dissolution.
1.2 Dissolution mechanism
Fournier summarized this complexity in her thesis with a
list of all the balanced equations considered in literature [7].
Mainly three hypotheses about the mechanism can be
highlighted, which explain the presence of the most stable
species: HNO3, HNO2, NO2, N2O4 and NO. N2O does not
appear here as it was proven to be a parallel product by
Marc [8]. NO3 presence can be explained by nitric acid
dissociation.
The ﬁrst hypothesis was described by Shabbir and
Robbins [9] who suggested two simultaneous reactions
depending on nitric acid concentration (1).
UO2ðsÞ þ 8=3HNO3ðaqÞ ! UO2ðNO3Þ2ðaqÞ
þ 2=3NOðgÞ þ 4=3H2O
UO2ðsÞ þ 4HNO3ðaqÞ ! UO2ðNO3Þ2ðaqÞ
þ 2NO2ðgÞ þ H2O: ð1Þ
The second hypothesis was deﬁned by Sakurai [6], who
suggested that NO is the only dissolution product and that
NO2 is observed because of the equilibrium presented at
equation (2). K is the thermodynamic constant of the
reaction.
NOðgÞ þ 2HNO3ðaqÞ ¼ 3NO2ðgÞ þH2O
1=KðT Þ ¼ 1:75  109 exp ð4644=T Þ 105 Pa1 ½10: ð2Þ
Lefers and Sicsic [2,10] also mentioned equilibrium (3)
for low acidities. As NO(aq) free enthalpy does not exist in
literature, the thermodynamic constant cannot be calcu-
lated here [2].
2NOðaqÞ þ HNO3ðaqÞ þ H2O ¼ 3HNO2ðaqÞ: ð3ÞThe last hypothesis proposed by Ikeda considers HNO2
as an intermediary and is detailed in equation (4).
UO2ðsÞ þ 2NO3 þ 4Hþ ! UO2þ2 þ 2NO2ðaqÞ þ 2H2O
2NO2ðaqÞ þ H2O! HNO3 þ HNO2
Kð25 °CÞ ¼ 7:8  1012 m3·mol1 ½3
UO2ðsÞ þ 2HNO2 þ 2Hþ ! UO2þ2 þ 2NOþ 2H2O:
ð4Þ
Actually NO2 is also in fast equilibrium with N2O4 [3],
which is far more soluble, so it should most probably be the
species to be considered in the second step in equation (4)
instead of NO2. Moreover, this step is very fast and led to
the global expression (5) [7].
UO2ðsÞ þ 3HNO3 ! UO2ðNO3Þ2ðaqÞ þ HNO2ðaqÞ þH2O
DG0 ¼ 71 kJ·mol1
UO2 þ 3HNO3 þ 2HNO2 ! UO2ðNO3Þ2ðaqÞ
þ2NOþ 2H2O: ð5Þ
1.3 An autocatalytic reaction
Marc [8] proved recently that UO2 dissolution is deﬁnitely
an autocatalytic reaction, which means one of its products
accelerates its kinetic rate.
Ikeda and Marc include the autocatalytic aspect by
deﬁning a two-step mechanism [8,11]. First, a slow non-
catalytic reaction is observed where the catalyst is
produced (HNO2 for Ikeda), and after some time, a second
faster parallel catalytic reaction proceeds, where the
catalyst accelerates the dissolution rate.
This was described by Marc [8] as shown in equation
(6). Due to aforementioned complex reactions in nitric
medium, the catalyst species for UO2 dissolution is still
unknown. Although HNO2 is frequently cited [7], the
catalyst can be the result of side reactions or an unstable
byproduct. Catalyst is thus referred as ‘Z’ in this article.
nH HNO3 þ UO2 ! nZ ZþUO2ðNO3Þ2
nH HNO3 þ nZ0 Zþ UO2 ! ðnZ þ nZ0 ÞZþ UO2ðNO3Þ2:
ð6Þ
The global chemical kinetic rate for this mechanism can
be expressed by equation (7). The kinetic constants knc and
kc are deﬁned by Arrhenius expressions.
r ¼ knc½HNO3n1 þ kc½HNO3n2 ½Zp
knc ¼ Anc expðEanc=RT Þ
kc ¼ Ac expðEac=RT Þ:
ð7Þ
This mechanism enables to include the autocatalytic
aspect of the reaction but may need the addition of parallel
equilibria mentioned above to describe entirely the global
reaction.
1.4 Diffusion rate
Determination of the kinetic parameters is tricky. Indeed,
for heterogeneous reactions, a delicate point for the kinetic
study is that the global kinetic rate of UO2 dissolution is
F. Charlier et al.: EPJ Nuclear Sci. Technol. 3, 26 (2017) 3determined not only by reaction kinetics, but also physical
kinetics, linked, among other factors, to the transport of
species. If such transport phenomena are slow compared
to the chemical kinetic rate, the concentrations at the
solid/liquid interface might be different from those
measured in the bulk.
To simplify, if diffusion of species is not a rate-
determining step, the reaction is said to be under chemical
reaction control. Otherwise, the concentrations of species
at the solid surface are different from their concentrations
in the bulk. The reaction is under diffusion control.
The external diffusion ﬂux density was deﬁned by
equation (8).
Ndiff;i ¼ kd;ið½iB  ½iSÞ: ð8Þ
A material balance applied to the boundary layer of
UO2 particles led to equation (9). The apparent dissolution
rate, rapp, depends on the particle surface concentrations,
which are not experimentally measurable. The thickness of
the boundary layer d has the same order of magnitude as
the particle size.
d½iS
dt
Sd ¼ nirappS þ kd;ið½iB  ½iSÞS: ð9Þ
The diffusion and reaction ﬂux reach equilibrium
quickly. Equation (9) was considered at this equilibrium
and the accumulation term is hence negligible compared to
the diffusion and reaction rates.
kd,i was deﬁned according to Sherwood number for a
single particle and low ﬂowrates (Re 800) [13], the
relation is given at equation (10).
kd;i ¼ Di
rp
ð1þ 0:60Re0:5Sc0:3Þ
Re ¼ riu2rp
mi
Sc ¼ mi
riDi
:
ð10Þ
1.5 External resistance fraction for the nitric acid
According to these hypotheses and equation (9), an
external resistance fraction is deﬁned [13]. For nitric acid,
its expression is presented at equation (11).
fe;HNO3 ¼
½HNO3B  ½HNO3S
½HNO3B
¼ nHrapp
kd;HNO3 ½HNO3B
: ð11Þ
Kinetic rates depend on nitric acid concentrations with
the order n1 for the non-catalyzed reaction. The concen-
tration difference between the surface and the bulk was
considered negligible when kinetics were impacted at less
than 5 percent, as put with equation (12). The kinetics of
the reaction at the solid surface are knc½HNO3n1S , and
knc½HNO3n1B are the kinetics if the bulk concentration were
considered.knc½HNO3n1S
knc½HNO3n1B
> 0:95
1 ½HNO3S½HNO3B
< 1 0:951=n1
fe;HNO3 ¼
nHNO3rapp
kd;HNO3 ½HNO3B
< 1 0:951=n1 :
ð12Þ
In literature, n1 is mostly in the range of 2–4 [7].
Relations (12) show that with the maximum value 4, the
external diffusion fraction for the nitric acid should be
lower than 1.3% to ensure that the reaction is under
chemical control.
1.6 External resistance fraction for the catalyst
The external resistance fraction for the catalyst is deﬁned
by equation (13)
fe;Z ¼ ½ZS  ½ZB: ð13Þ
The kinetics at the interface and in the bulk are
considered identical if the difference between them is less
than 5%. This means equation (14) must be respected.
knc½HNO3n1S þ kc½HNO3n2S ½ZpS
knc½HNO3n1B þ kc½HNO3n2B ½ZpB
< 1:05; ð14Þ
v is deﬁned as the ratio of kc over knc at equation (15).
knc ¼ vkc: ð15Þ
If nitric acid concentrations in the bulk and at the solid
surface were the same, and considering that n1≈ n2 and
p≥ 1, the external resistance fraction for the catalyst must
then obey equation (16).
1þ v½ZpS
1þ v½ZpB
< 1:05
½ZpS <
0:05
v
þ 1:05½ZpB
½ZS  ½ZB ¼
nZrapp
kd;Z
fe;Z ¼
nZrapp
kd;Z
<
0:05
v
þ 1:05½ZpB
 1=p
 ½ZB:
ð16Þ
In this case, the dissolution rates at time t and t0 are
compared. Furthermore, in the absence of catalyst in the
bulk, there is no inﬂuence of the catalyst on the dissolution
kinetics if equation (17) is respected.
fe;Z ¼ ½ZS
¼ nZrapp
kd;Z
<
0:05
v
 1=p
: ð17Þ
According to the results published by Ikeda et al. [11],
knc= 5.0 107 mol12.3·m2+3·2.3·s1 and knc= 8.5
108 mol2.3·m2+3·2.3+3·s1 at 50 °C. With these values,
v= 0.17 m3·mol1. Moreover, the order relative to the
Table 2. Orders n relative to nitric acid, proton or nitrate in literature.
References ½HNO30,
mol·l1
Temperature,
°C
Ratio X External diffusion
fraction fe;HNO3
Species
considered
Order relative
to species
[15]
2–10 20–95
0.998
 1 0:951=n  fe;HNO3  1 0:051=n
NO3
2.3–3.3
10–14 20–95 fe;HNO3 ≥ 1 0:051=n 1
[18] 2–15.6 Boiling ? fe;HNO3 ≥ 1 0:051=n HNO3 2.03–2.12
[19] 3–9 50–boiling 0.996 1 0:951=n  fe;HNO3  1 0:051=n NO3 1.9
[11] 4–8 70–90 0.992 fe;HNO3  1 0:951=n NO3
Non-catalyzed
reaction, 2.3 ± 0.3
Catalyzed
reaction, 2.3 ± 0.2
[16] 4–8 90–110
(microwave
heating)
0.997 fe;HNO3  1 0:951=n HNO3 1.58 ± 0.05
[8] 5–8 30–70 1.000 fe;HNO3  1 0:951=n HNO3 3.10–4.45
[17] 0.1–4 60 1.000 fe;HNO3  1 0:951=n H+ 1.35 ± 0.14
4 F. Charlier et al.: EPJ Nuclear Sci. Technol. 3, 26 (2017)catalyst always equals 1 in the publications where a
catalyst is considered [11,14]. In the event of a dissolution
with no catalyst in the bulk, fe,Z must be lower than
0.29 mol·m3 to avoid any impact of the catalyst in the
boundary layer.1.7 Accumulation of species in the bulk
The concentration of species in the bulk must also be
constant during the entire dissolution. To respect this
condition, the solid quantity must be negligible compared
to nitric acid. Factor X was deﬁned by equation (18) to
compare the molar quantity of nitric acid consumed by
UO2.
X ¼ 1 nHmUO2
MUO2 ½HNO30V
: ð18Þ
IfX is close to 1, the impact of the dissolved solid on the
bulk concentrations is considered inconsequential.1.8 Kinetic study
To formalize the reaction kinetics, the inﬂuence of
temperature, nitric acid and catalyst concentrations must
be quantiﬁed. Reaction orders relative to nitric acid and
activation energies have been extensively studied by
authors [8,9,11,15–17]. Part of the literature data is
summarized in Tables 2 and 3. The external resistancefactor for nitric acid, and the solid/liquid ratio X, are also
calculated according to experimental conditions published
by the authors.
However, few of them discriminated the catalyzed and
non-catalyzed reactions. Since, the aim of this work is to
formalize the reaction kinetics by considering both
reactions, the factors deﬁned previously are used to
discriminate the rate determining step for experimental
data. Moreover, ratio X is used to quantify the catalyst
quantity in the bulk.
These results will be helpful for further modeling of the
global kinetics, including the inﬂuence of mass transfer.
Indeed, in the special case of an autocatalytic reaction,
mass transfer can have a positive impact on the
dissolution rate because of catalyst build-up at the solid
surface. Marc [8] already showed that catalyst accumu-
lates better in pits of the solid than at the surface, which
explains why preferential attack sites are observed during
UO2 dissolution [18].
Another important aspect is that the reaction is
triphasic. Taylor et al. [15] highlighted that dissolution
rates at temperatures near boiling are lower than the one
expected with Arrhenius law. Ikeda et al. [11] explained
this observation by an unstable catalyst, whose decompo-
sition is faster at high temperatures. Nishimura et al. [14]
also showed a decrease in temperature dependence for a
dissolution rate above 80 °C. Their explanation is that
catalyst is unstable and decomposes into gas. The current
work also focuses on the link between gas and catalyst and
proposes to include the catalyst decomposition in the
chemical kinetic rate.
Table 3. Activation energies in literature.
References ½HNO30,
mol·l1
Temperature,
°C
Ratio X External diffusion fraction,
fe;HNO3
Activation
energy in 103 J·mol1
[15]
2–5 30–95
0.994
1 0:951=n  fe;HNO3  1 0:051=n 61.9 ± 5.5
14 65–85 fe;HNO3 ≥ 1 0:051=n 8.3–21
[9] 0.3–25 30–95 0.976 fe;HNO3  1 0:951=n 67
[20] 4.5–8 60–95 0.972 fe;HNO3  1 0:951=n 50 ± 4
[19] 9
30–70
0.996
1 0:951=n  fe;HNO3  1 0:051=n 50–54
90–boiling fe;HNO3 ≥ 1 0:051=n 8–13
[11] 4–8 70–90 0.996 fe;HNO3  1 0:951=n
Non-catalyzed
reaction, 79.5 ± 6.7
Catalyzed
reaction, 36.8 ± 2.9
[16] 4–8 90–110
(microwave heating)
0.997 fe;HNO3  1 0:951=n 73.2 ± 1.8
[21] 8
90–110
(classic heating)
0.997 fe;HNO3  1 0:951=n
50
90–110
(microwave heating)
51
[22] 2
90–110
(classic heating)
0.994 fe;HNO3  1 0:951=n
31.1
90–110
(microwave heating)
77.4
[8] 5–8
30–40
(thermoelectric device)
1.000 fe;HNO3  1 0:951=n
30.0
40–50
(thermoelectric device)
77.0
50–70
(continuous cell)
131.2
70–90
(continuous cell)
12.6
[17] 2 40–90 1.000 fe;HNO3  1 0:951=n 15 ± 1
F. Charlier et al.: EPJ Nuclear Sci. Technol. 3, 26 (2017) 52 Experimental set up
2.1 Reagents
Uranium dioxide powder was provided by the CETAMA of
CEA Marcoule. Mass spectrometry shows that impurity
values are less than 100 ppm. O/U ratio was calculated
thanks to X-ray diffraction and is equal to 2.04 ± 0.02.
Nitric acid solutions were prepared by dilution of 68%
nitric acid AnalaR NORMAPUR (ref. 20422.297). Each
diluted solution was titrated by mean of 800 Dosino, fed
with 0.1 mol·l1 sodium hydroxide.2.2 Kinetic study cellA kinetic study dissolution cell was deﬁned. The efﬁcient
volume of the cell was 5ml. KD Scientiﬁc Legato 270 Push/
pull syringe pump of 30ml enabled to renew the nitric acid
at a rate of 1 ml·min1 when needed. A Peltier thermoelec-
tric heating module, monopuit MW1, designed by
Anacrismat company, enabled to maintain the tempera-
ture in the cell. A probe also measured the solution
temperature and it was veriﬁed to be stable during the
entire dissolution.
Fig. 1. Diagram of the experimental protocol for catalyzed reaction studies.
Table 4. Mass balance during the dissolution as a function of X.
Reaction progress UO2 + nH HNO3 ! nZZ
Before dissolution nUO2 ¼ mUO2MUO2 nHNO3 ¼ ½HNO30V 0
After dissolution 0
½HNO30  nHnUO2 ¼ ½HNO3V ½ZV ¼ nZnUO2
½HNO3 ¼ X½HNO30 ½Z ¼ nZnH ð1XÞ½HNO30
6 F. Charlier et al.: EPJ Nuclear Sci. Technol. 3, 26 (2017)2.3 Measurement of dissolution rate
Acquisitions of the kinetics were made thanks to optical
microscopy. The method was developed by Marc [8] and
consists in following the projected areas of UO2 particles
during dissolution.
Image treatment was done with a homemade software
developed on Scilab [23] to extract areas and perimeters of
every particles. Dissolution rates r, in m·s1, were
calculated according to equation (19). Several particles
were followed in order to have a mean dissolution rate.
AðtÞ≈Aðt0Þ 
XtDt
t¼t0
PðtÞrDt: ð19Þ
To get a value in mol·m2·s1, dissolution rates were
converted according to equation (20).
r½m·s1 ¼MUO2
rUO2
r½mol·m2·s1: ð20Þ
This analytical technique enables a very small quantity
of solid, less than 1mg, and a precise in-situ following of the
dissolution.Transmission mode was used which enabled a better
contrast. Moreover, the light came from above the sample
to avoid any perturbations from nitrogen bubbles produced
by the reaction.
2.4 How to study the catalyzed reaction?
The catalytic reaction was studied by dissolving a
predeﬁned quantity of UO2 powder in nitric acid. At the
end of such a dissolution, the ﬁnal solution contains a
deﬁned quantity of reaction products: uranyl nitrate
UO2ðNO3Þ2 but also catalyst. This solution is deﬁned as
loadedwith catalyst. Figure 1 describes the entire process.
The hypothesis here is that one mole of UO2 gives one
mole of catalyst. nZ is hence supposed equal to 1. The ratio
X deﬁned previously at equation (18) is also representa-
tive of the catalyst and initial acid concentration ratio.
Table 4 presents the mass balance as a function of X after
dissolution. If X= 1, there is no catalyst in the solution. If
X= 0, nitric acid has been totally consumed by the
reaction.
The dissolution of fresh UO2 particles was thus followed
by microscopy in the solution loaded with catalyst by this
method. The catalyzed reaction was studied for different
pre-dissolved masses.
Fig. 2. Comparison between dissolution rates for solutions
loaded in UO2 or copper.
Fig. 3. Dissolution curve proﬁle. X= 1, T= 63.2 °C.
F. Charlier et al.: EPJ Nuclear Sci. Technol. 3, 26 (2017) 7Moreover, Delwaulle [24] showed in her work that
copper is a good surrogate to study uranium dioxide
dissolution. The reaction is similar as it is also autocata-
lytic and leads to the same gaseous products. We thus
compared dissolution rates of UO2 particles with pre-
dissolved masses of copper or uranium dioxide. Results are
presented in Figure 2. For the same experimental
conditions, solutions loaded with the same molar quantity
of copper or uranium dioxide gave the same dissolution
rate. This means that catalyst is linked to the nitric acid or
NOX and not to the solid.
Metal copper was hence sometimes used to load
solutions for the following experiments, ﬁgure captions
indicate the loading species. Copper powder was provided
by Merck, reference 1.02703.1000.
To deﬁne the inﬂuence of the catalyst, solutions were
preparedbydissolving0 to1.37 gofUO2, or0–1.78 gofCu, in
50ml of 5.3mol·l1 nitric acid. The dissolution temperature
was 50 °C.Uranyl nitrate or copper nitrate concentrations in
the solutions were veriﬁed with ICP-AES.
2.5 Link between gas and catalyst
If the catalyst were indeed linked with gas production,
degassing of the solution could explain that the reactivity is
lower than expected at high temperatures. To test this
hypothesis, three solutions were prepared, each of them
enabling more or less exchange between gas and liquid.
In the ﬁrst solution, 1.71 g of copper was dissolved in
100ml of 5.3 mol·l1 nitric acid in order to obtain solutions
where X= 0.85. After complete copper dissolution and at
different time intervals, 5 ml of the solution was transferred
into the dissolution cell, where measurements on new UO2
particles were done. This elapsed time represents the aging
of the solutions. The three samples underwent different
treatments:– the ﬁrst sample was left open. Gas escaped through the
top of the ﬂask;– a ﬁlm of parafﬁn oil was injected into the second ﬂask.
This viscous layer limited the exchange between gas and
liquid. Every 5 min, 5 ml of the solution was drawn up in
the reactor through a syringe. Valves enabled to close the
system between each sampling;– the last ﬂask was also exposed to open air and N2 was
bubbled at a rate of 70ml·min1 to improve gas liquid
exchanges. A 5ml sample of the solution was injected
into the dissolution cell every 10 min.
2.6 Nitrous oxides and dissolution rate
Another experiment was made where 1.37 g of copper was
dissolved in 100ml of 4.8 mol·l1 nitric acid. Four 10ml test
tubes were completely ﬁlled with this solution and closed.
The solution in the test tube is called solution A. As for
previous experiments, nitrogen was bubbled in the
remaining solution, called solution B, for 60min to ensure
the removal of catalyst species. NOX(g), produced by the
dissolution of 2.40 g of copper in 50 ml HNO3 in another
ﬂask, are then injected into the degassed solution.
The dissolution cell was then alternatively ﬁlled with
the solution of one closed test tube or with the solution
under nitrogen stream. UO2 particles dissolution rates were
followed by microscopy.
3 Results and discussion
3.1 Dissolution curve proﬁle
The uranyl nitrate concentrations in the solution after
dissolution were measured thanks to ICP-AES and were
equal to the ones before dissolution, conﬁrming there is no
accumulation of species in the bulk.
The resistance fractions fe;HNO3 were calculated
according to the apparent dissolution rates with DHNO3
chosen according to literature data [12]: 3 109 m2·s1.
The external resistance was always lower than 0.01%,
which means the nitric acid diffusion rate does not impact
the kinetics.
Fig. 4. Evolution of dissolution rate. X= 1, T= 63.2 °C. Fig. 5. Relative order to nitric acid for the catalyzed reaction.
Solutions loaded in copper, T= 50 °C and X= 0.96.
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The kinetics at each times were approximated by
equation (21) and are represented in Figure 4.
rðtÞ ¼ AðtþDtÞ  AðtÞ
PðtþDtÞDt : ð21Þ
It was stated previously that the external resistance
fraction for the catalyst must be lower than 0.29 mol·m3.
The maximum dissolution rate rapp,max for which fe,Z
reaches this value was calculated according to equation
(22). As a ﬁrst approximation, DZ was considered equal to
nitric acid diffusivity. The particle radius rp was taken at
the beginning of the dissolution to maximize the resistance
fractions.
rapp;max ¼ 0:29DZ
rp
: ð22Þ
The maximum apparent rate rapp,max is represented in
Figure 4. The measured dissolution rates above this value
were impacted by more than 5% by the catalyst
concentration at the solid–liquid interface. This explains
the sigmoid proﬁle of dissolution curves: the reaction is
non-catalyzed and very slow at the beginning, from 0 to
400 s. After this time, the catalyst accumulates at the solid
surface and the reaction rate increases.
The equilibrium between diffusion and reaction ﬂux is
reached and the reaction rate is constant between 400 and
500 s. The dissolution rate measured here is representative
of the catalyzed reaction. The catalyst concentration at
this point can be approximated by equation (23).
½ZS ¼
nZrapp
kd;Z
¼ nZrapprp
DZ
: ð23ÞHowever, the catalyst concentration is controlled by
mass transfer, and the mass transfer coefﬁcient is
increasing as the particle radius is decreasing. This means
the concentration of catalyst at the surface is decreasing
with particle radius. That is why the dissolution rate
diminishes between 500 and 1000 s.
Finally, another range where the dissolution rate is
constant is reached. In this case, the apparent dissolution
rate is lower than the limit for which the diffusion of
catalyst impacts the kinetics. From 1000 s to the end of the
dissolution, the apparent dissolution rate is under chemical
reaction control. As there is no catalyst in the bulk, this
dissolution rate is also the rate the non-catalyzed reaction.
For all the following experiments, fe;HNO3 and fe,Z were
calculated and enabled to determine whether the dissolu-
tion is under chemical control or not. The kinetics were
chosen on the range where they do not depend on mass
transfer.
3.2 Relative order to nitric acid
The reaction order relative to nitric acid was measured for
the catalyzed reaction and was found to be 3.08 ± 0.32
(Fig. 5). This observation is coherent with literature data
[7]. The reaction order relative to nitric acid for the non-
catalyzed reaction was chosen equal to 3.5 according to
Marc's results in a continuous cell and at 50 °C [8].
3.3 Activation energies
Arrhenius graphs for catalyzed and non-catalyzed reac-
tions are presented in Figure 6.
Interestingly, a detailed observation of Figure 6 shows
that the activation energies are not completely indepen-
dent of temperatures. At least two slope changes can be
seen for the non-catalyzed data, the ﬁrst one around 50 °C
Fig. 7. Inﬂuence of the load in catalyst on the dissolution rate.
½HNO30 ¼ 5:3mol·l1 and T= 50 °C.
Fig. 6. Arrhenius laws for the non-catalyzed and catalyzed
reactions. ½HNO30 ¼ 5:3mol·l1.
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observations made by Marc [8], who identiﬁed four
sections of temperature with different activation energies.
For the catalyzed reaction a change of slope is also seen
around 70 °C.
These phenomena could be explained by a change in
nitric medium equilibrium with temperature. For example,
Sicsic et al. [2] mentioned that nitric acid dissociation is less
favored at high temperature. Taylor suggested that the
nitrates, more than the protons, were the important
reactants in UO2 dissolution [15]. Hence, with high
temperatures, there are lower free nitrate in solution,
which could explain the lower dissolution rate observed.
However, this is only one possibility among over. Still,
the mean activation energies were calculated within the
temperature range [30–70 °C]. Without catalyst, the
activation energy was 63.0 ± 3.1 kJ·mol1. The frequency
factor was determined as stated in relation (24) and was
equal to 1.6 108 mol1–3.5·m33.5–2·s1.
Ac ¼ exp ð11:87 3:5 ln ½HNO3Þ: ð24Þ
The activation energy for the catalyzed reaction is
higher: 79.1 ± 11.2 kJ·mol1 at X= 0.80. This seems to be
incoherent with the usual deﬁnition of a catalyst.
However, the product that accelerates the kinetic rate
is inaccurately called catalyst as it appears in the equation
balance of the dissolution, it must be considered instead as
another reactant. Thus, it could not necessarily reduce the
activation energy. Nonetheless, the measurement of two
different activation energies in the presence or absence of
catalyst supports the hypothesis of two different reac-
tions.3.4 Inﬂuence of the catalyst
Figure 7 represents the dissolution rate for UO2 particles in
solutions loaded with different mass of UO2 or copper. The
ratio X is representative of the pre-dissolved mass. The
maximum rate for which the external resistance fraction for
nitric acid is equal to 1.3% was calculated for particles with
a radius of 15 mm. This limit is represented in black in
Figure 7. Particles bigger than this radius were not
included in the calculation of the average rate.
The external resistance fraction for the catalyst was
calculated for p= 1. There is no gradient of concentrations
to consider if equation (25) is respected.
fe;Z ¼
nZrapp
kd;Z
< 0:05
1
v
þ ½ZB
 
: ð25Þ
The catalyst concentration in the bulk [Z]B is linked to
acid consumption during predissolution as deﬁned in (4).
This leads to the expression equation (26) for the catalyst
concentration.
½ZB ¼
nZ
nH
ð1XÞ½HNO30: ð26Þ
The maximum rate respecting this condition is
expressed by the linear expression equation (27). This
relation is represented in green in Figure 7 for particles
whose size equals 8mm. Smaller particles were thus
promoted for the kinetic acquisition. However some
experimental data are above the maximum rate value
for a 5% tolerance. If the tolerance were increased to 10%,
all the experimental data would be under the maximum
rate above which the reaction is impacted by mass transfer.
Table 5. Kinetic parameters for the catalyzed reaction.
Model equation v ¼ kncð½HNO30XÞn1 þ kcð½HNO30XÞn2ð½HNO30ð1XÞÞp
UO2 Cu
kc 3.0 ± 0.4 1016 1.6 ± 0.1 1015
p 0.75 ± 0.15 0.47 ± 0.06
Fig. 8. Inﬂuence of degassing on dissolution rate. Solutions
loaded with copper. ½HNO30 ¼ 4:8mol·l1, T= 50 °C and X=
0.88.
Fig. 9. Inﬂuence of nitrous oxide on dissolution rate. solutions
loaded with copper. ½HNO30 ¼ 4:8mol·l1, T= 50 °C and X=
0.88.
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were measured under chemical control.
rapp;max ¼ 0:05kd;Z 1
v
þ ð1XÞ½HNO30
nH
 
: ð27Þ
Experimental points were ﬁtted with the expression of
the kinetics deﬁned in Table 5. The kinetic order for nitric
acid for the non-catalyzed reaction n1 is ﬁxed to 3.5 and n2
to 3.1. We calculated knc at 50 °C according to previous
results to be 8.2 1019 mol1–3.5·m3·3.5–2·s1. The respec-
tive orders relative to catalyst p and kcwere then optimized
thanks to Levenberg Marquardt algorithm [25]. Table 5
summarizes the results, and the constant kc is expressed in
moln2·m1+3 n2·s1.
The results demonstrate an optimum value for the
dissolution rate for a value ofX around 0.85 for a nitric acid
concentration of 5 mol·l1.
In any case, we show that former published kinetic
parameters must be considered very carefully as they may
include several side reactions, diffusion kinetics and
accumulation. The parameters proposed here are void of
any mass transfer and accumulation. Furthermore, cata-
lyzed and non-catalyzed reactions are discriminated.3.5 Nitrous oxide and dissolution rate
The results for the inﬂuence of degassing are presented in
Figure 8. The dissolution rates for the ﬂask with parafﬁn,
where gas was trapped inside the solution, were clearly
higher. The lowest dissolution rates appear for the solution
under N2 ﬂowrate, where reactivity of the solution falls to
almost zero in less than one hour of aging.
For the second experiment, as before, the reactivity of
the solution B where nitrogen was bubbled fell in less than
one hour to almost zero. But, when NOXwas bubbled again
in the same solution, it regained very quickly its initial
reactivity. The dissolution rate is then the same as the one
observed at the beginning of the experiment (Fig. 9).
With solution A aged in closed test tubes the
dissolution rate is almost constant and only slightly
decreases for the last test tubes. This can be explained
by the loss of gas when the tubes were opened when ﬁlling
the dissolution cell.
Thus, we demonstrated, for the ﬁrst time, that
dissolution rates are linked to degassing of solutions.
The best explanation for this phenomenon is that the
catalyst is closely linked to nitrous oxides. The increase of
reactivity obtained when NOX is trapped in the solution
shows that kinetics can be optimized by acting on nitrous
oxide concentrations in the solution and the gas phase.
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and Shabbir et al. [9] noticed a change of Arrhenius plot
slope when temperatures are close to boiling. Indeed,
solubility of gas is lower at high temperature, and therefore
the observed reaction may near the non-catalyzed reaction.
The results strengthentheconclusionsofNishimuraetal.
[14] andFukasawa [26] about a relationshipbetween catalyst
and gas. In theirworkHNO2 is considered as the catalyst and
it is linked to gas thanks to the decomposition reaction (28).
HNO2ðaqÞ ¼ NOðgÞ þ NO2ðgÞ þ H2O: ð28Þ
However, Schwartz andWhite [4] and Park and Lee [27]
showed that the reverse reaction is faster. Moreover, Marc
also argued that such a slow reaction could hardly lead to
concentrations of gas high enough to nucleate bubbles [8].
Another reaction that links NOX and HNO2 is the
absorption reaction of N2O4 presented at equation (29)
[3,10,11].
2NO2 ¼ N2O4
K ¼ exp ð6891:61=T  21:244Þ 105 Pa1 ½3
N2O4ðaqÞ þ H2O! HNO3 þ HNO2:
ð29Þ
However, there is no proof yet that these reactions are
the one impacting the dissolution rates. Two different
scenarios must be considered:
–rthe dissolution produces gases. In turn, these gases
generate the catalyst;– the dissolution produces the catalyst, the catalyst is
unstable and leads to gas production.
Moreover, the reaction between gas and catalyst may
not reach the equilibrium. Its own kinetics should then be
included in the global mechanism in order to determinate
the dissolution rate.4 Conclusion
The global kinetic for autocatalytic dissolutions is not easy
to formalize as it includes not only chemical phenomenon
but also physical phenomenon. The following elements
must be taken into account:
– Autocatalysis. In-situ optical microscopy enabled us to
discriminate two steps of the chemical dissolution
reaction. The separated study of catalyzed and non-
catalyzed reaction led to expression (30) for the UO2
chemical dissolution rate in mol·m2·s1.
¼ 1  108 exp ð63 000=RT Þ½HNO33:5
þ2  104 exp ð71 000=RT Þ½HNO33:1½Z0:7: ð30Þ– Mass transfer. Resistance factors were deﬁned for both
the catalyst and nitric acid in order to discriminate
whether the kinetic rate is under chemical or diffusion
control. Mass transfer has a great impact on dissolution
rate as only a small quantity of catalyst in the boundary
layer can boost the dissolution.– Link between catalyst and nitric oxides. Experiment
showed theremust be a reaction between the catalyst and
nitric oxide. Although this reaction is still unknown, it
needs to be characterized to be included in the global
kinetic rate.– Gas–liquid exchanges. They are a mean to inﬂuence the
catalyst concentration in the solution. They must
deﬁnitely be taken into account for the global dissolution
rate of reactors with high mass transfer rates between gas
and liquid.
All these elements play an important part on the global
dissolution rate. Characteristic phenomenon times must be
deﬁned for each of them and should systematically be
calculated for a speciﬁc reactor in order to estimate
whether they really impact UO2 dissolution.
Nomenclature[i] concentration of species i in mol·m3[i]B concentration of species i in the bulk in mol·m
3[i]S concentration of species i at the solid surface in
mol·m3A(t) area of the particles at time t in m2Anc frequency factor for the non-catalyzed reaction
in mol1n1·m3·n12·s1Ac frequency factor for the catalyzed reaction in
mol1n2p·m3·n1+p2·s1Di diffusivity of species i in m
2·s1Eanc activation energy for the non-catalyzed reaction
in kJ·mol1Eac activation energy for the catalyzed reaction in
kJ·mol1DG0 standard Gibbs free energy in kJ·mol1½HNO30 initial nitric acid concentration in mol·m3
kd,i mass transfer coefﬁcient in m·s
1K thermodynamic constant
knc kinetic constant for the non-catalyzed reaction
in mol1n1·m3·n12·s1kc kinetic constant for the catalyzed reaction in
mol1n2p·m3·(n1+p)2·s1mUO2 UO2 mass in kg
MUO2 molar mass of UO2 in kg·mol
1n1 order relative to acid concentration for the non-
catalyzed reactionn2 order relative to acid concentration for the
catalyzed reactionNdiff,i external diffusion ﬂux density for species i in
mol·s1·m2P(t) perimeter of the particles at time t in m
p order relative to catalyst concentration for the
dissolution reaction
r chemical dissolution rate in mol·m2·s1R perfect gas constant in J·mol1·K1rapp apparent dissolution rate in mol·m
2·s1rp particle radius in m
Re Reynolds adimensional number
S area of solid surface in m2Sc Schmidt adimensional number
T temperature in K
u velocity of the ﬂuid in m·s1
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2·s1d thickness of the boundary layer in m
nH stoichiometric coefﬁcient for nitric acid
nZ stoichiometric coefﬁcient for the catalyst
v ratio between the catalyzed and non-catalyzed
kinetic constant
rUO2 density of UO2 in kg·m
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